Aluminum-zirconia based metal matrix composites reinforced with zirconiananoparticles were prepared by powder metallurgy route. The zirconia nanoparticles were doped with yttria. The thermal expansion behaviors of the metal matrix composites with various zirconia contents (5.0; 10.0; 15.0; 20.0; 25.0vol.%) and doping with 8% and 15% yttria were investigated. Results indicated that increasing the yttria doping content improved thestability of zirconia crystallographic phase and avoided tetragonal to monoclinic transformation. The results revealed that the nanoparticle volume fraction had significant effect on the thermal expansion behavior of the composites. The thermal expansion of the composites waswithin the Turner's, Kerner's and Schapery's models.
I. Introduction
Aluminum metal matrix composites have been studied to improve thephysical and mechanical properties for more than half acentury.The physical and mechanical properties areradically influenced by the volume fraction, distribution, size andshape parameters of the reinforced particles [1] . Among these various factors, the volume fraction of theceramic particles is the most important.Several reinforcement particles such as Al 2 O 3 [2] , SiC [3] , SiO 2 [4] , Si 3 N 4 [5] , B 4 C [6] , TiC [7] , TiN [8] , ZrC [9] , MgO [10] , and BN [11] are being used to prepare aluminum metal matrix composites.The thermal stability makes them a good choice for use as reinforcing materials in aerospace and transport industries. Even though the mechanical behavior of compositesis known significantly over the two decades, the crystallographic transformation of the reinforced particles still remainschallenging [12] .Due to the different thermal expansion coefficientsof matrix and reinforcement, internal stresses are developed at the interface betweenthe metal-matrix and the ceramic phase during processing of the composite or duringthermal cycling [13] .By varying the matrix,reinforcement and volume fractions, the metal matrix composites can becustomized to provide a good coefficient of thermalexpansion (CTE) matching for thermal management andthermal conductivity. It is necessary toevaluate new materials for their thermal stability and tomeasure their properties including CTE forproducts, such as break discs made from castings,before actual use. Zirconium dioxide (ZrO 2 ), also known as zirconia is a white crystalline oxide of zirconium. Zirconia has three crystalline forms as illustrated in figure 1. ZrO 2 has monoclinic crystal structure at room temperature and undergoes transformations to tetragonal and cubic at higher temperatures. The stability of three crystalline forms is as follows: monoclinic <1,170 °C, tetragonal 1,170-2,370 °C, and cubic >2,370 °C. The volume expansion caused by the cubic to tetragonal to monoclinic transformation induces large stresses, and these stresses cause ZrO 2 to crack upon cooling from high temperatures [14] . When the zirconia is blended with some other oxides, the tetragonal and/or cubic phases are stabilized. Effective dopants include MgO, Y 2 O 3 , CaO, and Ce 2 O 3 [15] . Some thermal-expansion curves for Al/ZrO 2 composites had been published, but these did not contain information upon which an explanation for the structural weakening could be based. 
II. Materials and Methods
Pure Al powder of 100 µm with 99.9% purity and ZrO 2 powders of 100 nm without and with doping by Y 2 O 3 were used as the starting materials. Pure powders of Al and ZrO 2 (both doped and non-doped), in the desired volume fractions, were mixed together by high-energy ball milling for 20 h to ensure the uniform mixing. The non-doped and doped zirconia powders are shown in figure 2. The mixing was carried out in argon atmosphere to minimize the contamination. The obtained powder mixtures were then sintered to bulk specimens (figure 3) by hot pressing at 800 o C with a pressure of 50 MPa in vacuum, followed by quickly cooling to room temperature in 30 min. In this study, four different composites were prepared (Table 1 ). The thermal expansion was then measured with a dilatometer (DIL 802) between 100 and 300 o C at heating and cooling rates of 5 o C/min in argon. With this instrument the difference in length between the specimen to be investigated and a reference sample is measured, which results in a resolution of ± 0.01 µm. Specimens with a diameter of 5 mm and length of 10 mm were used to measure CTE. The instantaneous CTE at a given temperature was calculated using the following equation: 
III. Results and Discussion
All powder materialsconsist of agglomerates of submicron size. The degree of agglomerationis similar for all prepared compositions independent on ZrO 2 content.The microstructures of composites reinforcedwith pure ZrO 2 nanoparticles and ZrO 2 nanoparticles doped by Y 2 O 3 are shown in opticalmicroscopy images ( figure 4) . The distribution of ZrO 2 nanoparticles is random with no cracks and deleteriouspores in the microstructure. The measured microscopicporosities were found between 1.5 % -2.5 % for produced metal matrix composites. 
Coefficient of thermal expansion
The relative thermal expansion behavior of aluminum zirconia based metal matrix composites reinforced with non-doped and doped ZrO 2 nanoparticles measured at temperatures varying from 30 °C to 400 °C for a single thermal cycle are shown in figure 3 . The CTE measured during the heating cycle increases with increasing temperature between 30 and 400 o C for all the composites. There is evident variation in heatingand cooling curves.The CTE measured during the cooling cycle decreases continuously with decreasing temperature in the same trend but above of the heating cycle. The difference in CTE during heating and cooling is due difference in CTE of Al matrix and ZrO 2 nanoparticles.In a two-phase system composed of a continuous Al matrix and non-doped ZrO 2 nanoparticles, the gap between the CTE curves due to change of volume fraction of ZrO 2 is wide of nearly 1.62x10 -6 / o C. This gap is reduced in a three phase system as shown in figure 3b and 3c. This gap is diminished due to increased doped content of Y 2 O 3 . So the thermal expansion behavior of the composite is the result of the interaction between Al matrix and ZrO 2 nanoparticles through the doped Y 2 O 3 interfaces. Upon heating, zirconia undergoes disruptive phase changes. By adding small percentages of yttria, these phase changes are eliminated. 
Comparison of CTEs among experimental and theoretical results
In order to understand the thermal expansion behavior of the composites well, it is imperative to relate quantitatively theoretical predictions with experimental results. Many analytical and semi-empirical formulas have been derived to evaluate the effective coefficient of the linear thermal expansion of different types of heterogeneous composites [16] [17] [18] . The rule-of-mixture models are derived from the assumption of uniform strain or stress of the composite structure. (3)
Another model for particulate composites is given by Kerner [17] , which accounts for both shear and isostatic stresses developed in the component phases, and gives the CTE for the composite as:
Schapery [18] used elastic energy principles to derive bounds for effective CTEs of anisotropic composites made from isotropic constituents. The lower and upper bounds for the effective coefficients are given by
where α is the CTE, v is the volume fraction, K is the bulk modulus, G is the shear modulus, and subscripts c, m, r refer to the composite, matrix and particle respectively. Even though the range of operating temperature is 0 to 400 o C, the CTE curves are slightly non-linear in the composites having non-doped ZrO 2 nanoparticles. This is owing to metastable tetragonal phase of ZrO 2 . If sufficient quantities of the metastable tetragonal phase are present, then an applied stress, magnified by the stress concentration at a crack tip, can cause the tetragonal phase to convert to monoclinic, with the associated volume expansion. This phase transformation can then put the crack into compression, retarding its growth, and enhancing the fracture toughness. This mechanism is known as transformation toughening. With doping of ZrO 2 nanoparticles with Y 2 O 3 , the transformation toughening is eliminated. The phase diagram for the zirconia-yttria system is given in figure 9 .The range of stability for each of these phases is shown below: The tetragonal to monoclinic transformation is of great technological significance, due to the martensitic nature of the reaction and the accompanying 3-5% volume expansion. The large volume and shape deformations, which occur through the martensitic transformation, set up large strains in the structure. These strains cannot be relieved by diffusion, instead they are accommodated by elastic or plastic deformation of the surrounding matrix.Martensitic reactions occur when the temperature is changing. The addition of yttrium oxide soluble in zirconia lowers the tetragonal to monoclinic (t-m) and cubic to tetragonal (c-t) transformation temperatures. The amount of alloying oxide required to produce stabilization is determined from the relevant phase diagram given in figure 9 . Any composition which is fired in the cubic phase field and retains a wholly cubic structure on cooling is stated to be "fully stabilized" [19] .
IV. Conclusions
In this research, the thermal expansion behavior of Al-based composites reinforced with zirconia nanoparticles without and with doping by yttria has been investigated. The results indicate that the experimental CTEs were within the Schapery's bounds. The addition of yttrium oxide soluble in zirconia lowers the tetragonal to monoclinic (t-m) transformation.
